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1. INTRODUCTION

The general approach and some of the basic mathematical relations of
the membrane separation study of small enzymatic breakdown products
from larger substrate molecules have been developed in a previous re=-
port(‘). Since that report, particular emphasis has been directed

at making?ﬁermeability measurements that would be relevant to the

separation of C0, from glucose.
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VKnowing the permeability coefficients of CO2 and glucose for a given

membrane, one can estimate the minimum metabolic rate for the conver-
sion of glucose to €0, that is detectable using carbon-14 labelled
glucose. This metabolic rate can then be equated with C02 production
rates from glucose for various microorganisms to gain some insight in-
to the sensitivity of the membrane separation device in terms of detect-
able numbers of microorganisms. These detectability estimates in num-
bers of Escherichia Coli for different values of the experimental para-
meters of observation time and membrane thickness have been worked out
and are included in the Detectability Estimate section (IV). As an
introduction to some of the results of section IV and as an illustra-
tion of an approximate approach to the analysis of a membrane separa-
tion problem, the separation factor is discussed briefly in the next

few paragraphs.

The separation factor is the ratio of the steady-state permeability co-

efficients of the two solutes of interest, e.g. K.. /K

coa glucose’ for a



given membrane (in the coe-glucose case, we have assumed that the maxi-
mum integral coefficlent approximates the steady-state coefficient for
glucose). By this definition it is also the ratio of the upstream con-
centration of glucose to CO2 required for the permeability rates of the
two solutes across the membrane to be equal., The primary value of the
separation factor, aside from its being a convenient form for expressing
the permeability data of a pair of solutes for a given membrane, lies in
its use as a gross comparison between different membrane systems of their
effectiveness in separating a given pair of solutes. To illustrate this

use we compare the separation factors of the CO,.-glucose pair for the

2
membranes teflon (SF,) and silicone rubber (SF2) (necessary experimental
data are given In sections {I and {11) with the separation factor (SFB)
predicted prev!ously(l) for silicone rubber from the published gas phase
002 permeability coefficient and the dye permeability coefficient measured
in some preliminary experiments in this laboratory. The value are:

6

SF, = K]/Ki = Ci/Cl =5X 10

1
5
SF2=5X|O

SF, =2 X 109

3

where:
K = the CO2 permeability coefficient
K' = the glucose permeability coefficient

Cl = the upstream CO2 concentration for teflon membrane

C; = the upstream glucose concentration for teflon membrane

From these values one would predict that the teflon system is about ten




times more effective in its separation of CO2 from glucose than the
silicone rubber system and that the third system is about 4000 times
more effective. These predictions are only valid when the concentra-

tions are independent of time.

In applications where one of the solute's concentration changes with
time, e.g., applications where the concentration drops appreciably due
to diffusion out of the solution vessel or where the solute is being
produced or consumed at an appreciable rate, the factors affecting the
solute's concentration may change the effectiveness of the membrane
separation and complicate the analyses of a given membrane in a given

separation application. In the Multivator application CO, is being pro-

2
duced at a constant rate by the microorganisms in a glucose solution
(glucose is also being consumed but at a negligible rate compared to
the total amount present). We have discussed these factors at some

length in Section IV.

The permeability measurements and a brief discussion of these results
along with a description of the experimental apparatus and method of
analysis for glucose and Co, can be found in the Glucose Permeability
(11) and the co, Permeability (111) Sections. In the final section,
Detectability Estimates, the results of Sections Il and i1l are applied
to the life detection problem. The mathematics for estimating the de-
tectability of a known microorganism, e.g., E. Coli, in the life de-
tection device and for interpreting the experimental results of the life
detection device for an unknown microorganism have been developed. Both

constant and multiplying populations are considered.



1l. GLUCOSE PERMEABILITY

A. Experimental

The sensitivity of the method as a detector of microorganisms is such that
the glucose permeabllity experiments must be conducted under sterile gondi-
tlons. The conditions found to be adequate to glive reproducible permeabil-
ity results and an absence of growth in a thioglycollate medium were;

1) exposure of the permeability cell and the membrane to an autoclave temp-
erature of 124°C for a period of two hours, and 2) careful handling of the
cell and membrane after the autoclave exposure in mounting the membrane

and in filling the chambers of the permeability cell with the sterile solu-
tions. The main concern in the latter condition was to prevent the upstream
chamber from being separated from the membrane and thereby allowing the up-

stream chamber to possibly be contaminated by air-borne microorganisms.

The most extensive glucose permeability measurements have been made using
silicone rubber membranes. The sterility of the upstream and downstream sol-
utions In all these experiments has been verified by the absence of growth
after Incubation at 37°C for perfods greater than ten days in a sterile
thioglycollate medium. The medium was inoculated with a few tenths of a

m! of the solution extracted at the end of the experiment. None of these

experiments showed growth in the sterile medium.

Departure from the normal sterilization techniques in the case of porous
glass was necessary in order that the porous glass would not be fractured

L,




by the sudden temperature changes of the autoclave. The procedure consisted
of boiling the porous glass disc in 30 H202 for about fifteen minutes.
This treatment also removed absorbed organic vapors from the porous glass
to the extent that the color of the porous glass changed from yellow to
translucent. The 30% H202 treatment was followed by rinsing the porous
glass In concentrated chromic acid and then soaking it in dilute (NHh)aFe
(Soh)2 solution. The (Nﬂh)2 Fe (SOb')2 treatment reduced any chromic acid
andlvl202 remaining in the porous glasse The permeability cell was also
rinsed in concentrated chromic acide The final treatment of the cell and
the porous glass prior to the experiment was to allow them to stand in
sterilized distilled H;0 for several hours. This modified sterilization

procedure was assumed to be sufficient for the relatively short duration

of the permeability experiment (a few hours).

The permeability cells used in the glucose measurements were one of two
types, either the 100 cm2 area stalnless steel (No. 304k) cell or the 10 cm2
area Al cells used In the previously reported dye permeabil ity measure-

.

ments A photograph of the permeability cells is given in Figure 1. In
the case of the Al permeability cells the geometry and orientation of the
cell was such that there existed a possibility of an air bubble being trap-
ped in the cell during the filling of the chambers with the solutions. For
this reason the back walls of both the chambers in the cell were made of
glass discs, thereby making it possible to see and to eliminate any air
that was trapped In the chambers during their filling. In order that the

glass discs would not be broken and that the chamber would not leak after

the cell was clamped together a disc of teflon orpolyethylene was placed on

Se



both sides of the glass discs before the cell was clamped together. Fresh
polymer discs were used In each experiment. In the stainless steel cells
the orientation and geometry of the cell were different and the possibility
of trapped air was not a probleme The downstream chamber of the stainless
steel cell was filled first and then the membrane placed on top of the down-
stream chamber. The amount of solution put iInto the upstream chamber after

the cell was clamped together was ample to cover the top surface of the mem-

brane.

We found that a slight bevel to either or both of the cell faces in con-
tact with the membrane gave a better metal-membrane-metal seal and diminish-
ed the possibility of the solute diffusing around the membrane. Angles of
about 1° appeared to be sufficient for a good seal as indicated by the re-
producible permeabllity results for a glven solute-membrane pair and by the
well-defined disc of the dye disodium fluorescein (NaaFl) dissolved In the
cellophane membrane at the end of a Na2Fl experiment. The amount of Na2FI
In the hydrophobic membranes is much less than in cellophane so that one
could not see any of the Na2Fl Iin the hydrophobic membranes and hence could
not distinguish a disc corresponding to the exposed area. In the case of
the hydrophobic membranes, however, no change was observed for different ex-
posed areas, i.e. 100 cm2 or 10 cm2. A change in the exposed area would
change the ratio of the area to the perimeter by a factor r/2 and also
change the observed permeablility if the solute were diffusing around the
membrane at the perimeter of the exposed area instead of through the mem-

brane.

One might be able to verify that the permeation was occurring through only

6.




the defined area by using a radioactive solute. That is, after the per-
meability experiment was complete, the membrane could be washed super-
ficially and then cut into small squares of equal area. Each of the squares
could be ground into a fine powder and then suspended in a small volume

of a concentrated glucose solution to equilibrate the labelled glucose in
the membrane with the glucose in the water phase. After standing, the
water phase could then be separated from the membrane particles by fil=-
tration and transferred to a scintillation solution for counting. All of
the squares from the center of the disc should have the same activity and
the average of several of these could be used to determine the activity
per unit area. From the total activity of all the squares, one could then
calculate the actual area that the solute permeated through. A more con=
venient choice of membrane might be found for this experiment, i.e. one
that will dissolve in the organic solvent used for the scintillation solu-

tion.

The assays used to measure the amount of glucose that had diffused through
the membrane after a given time have been described in a previous report(l).
We have not attempted the counting of aqueous glucose solutions directly
but have thus far only used non-aqueous scintillation solutions in which a
small volume of an aqueous solution will dissolve or in which the oxidized

product of glucose, i.e. CO,, will be trapped.

2
The sources of error in the measurement of the glucose permeability coef-
ficients are:

1) The error in the upstream concentration of glucose. Prior to each

experiment (and in some cases, also after the experiment was completed)

T.



a sample of the upstream solution was counted by the same technique to
be used in counting the downstream solutions during the experiment (for

the 100 cm2 area cell-oxidation of the glucose to CO. with conc. stou

2

and Cr0z saturated solution and simultaneous trapping of the CO, in a

2
hyamine~-toluene solution with subsequent liquid scintillation counting
of the hyamine-toluene solution; for the 10 cm2 area cells=-dissolution

of the glucose solution in a scintillation solution using dimethoxyethane

as the solvent with subsequent counting of the dimethoxyethane solution).

Since the same technique for counting the upstream solution was used in
counting the downstream solutions, the systematic errors in the technique
did not appear as errors in the permeability coefficients. The random
errors of the volume measurements and the number of cpm®in the sample,
however, must be considered. For the upstream solution the error from
volume measurements was less than 5% and the counting error was less than
1%. The total relative error in the glucose upstream concentration was,
therefore, less than 6% (relative to the glucose counted in the downstream
solutions).

2) The error in the amount of glucose in the downstream solutions. For
the experiments carried out in the 100 cm2 area cell the entire 25+.5ml
contents of the glass vial (total downstream volume less the small volume
in contact with the lower surface of the membrane) were quantitatively
transferred to a flask for the glucose oxidation and the trapping of C02.
The error in the volume measurement is less than 2%, The hyamine-toluene

solutions were counted to an error of less than 1%. The total error in

8.

*Jnit of observed radicactivity: cpm = counts per minute.




each of the downstream samples from the 100 en cell is less than 3%.

For the experiments carried out in the 10 cm2 area cells, the solutions
were counted to an error of less than 3%. The volume of the solution
counted was measured with a special Hamilton syringe that was repro-
ducible to 1% for a volume of 1 ml. [n the ideal case the total down-
stream volume of the 10 cm2 area cell would be constant for the entire
experiment and the precision of the volume measurements would then be 1%.
in the actual case, however, the total downstream volume varied by a few
tenths of a ml. during the experiment so that the highly reproducible 1
ml. volume extracted represented a changing fraction of the total down-
stream volume (a typical volume is 1.5 ml). The error in the downstream
volume measurement is less than 5%. The total error in the glucose con-
tent of a downstream sample for the 10 cm2 cell was, therefore, less than
8% (5% for the volume and 3% for the counting).

3) The error in the membrane thickness is less than 5% for silicone rub-
ber and less than 20% for the thinner teflon membrane.

4) The error in the temperature of the system is less than 1%.

5) The error in the membrane area is less than 1%.

The maximum estimated error in the glucose permeability coefficients for
the experimental systems described is about 20% for the silicone rubber
experiments and about 40% for the teflon experiments. Additional deviations

that may arise from different membrane samples have not been considered here.

9.



B. Results

The permeability results of glucose through silicone rubber membranes are
summarized in Table l. Some permeability data have been gathered for glu-
cose through other barriers, i.e. teflon and porous glass. These data

are given in Table 2.

The glucose permeabllitycurve has a different shape than expected for

a permeability process limited exclusively by the solutes diffusion
through the membrane. The typical permeability curve where the permeabil-
ity is diffusion limited has been described in a previous report (l). The
permeability curve for glucose through silicone rubber is characterized by
an "“initially rapid'" permeability rate that reaches a maximum and then de-
creases to some slower rate with increasing time of the experiment. Only
slight differences®in the shape of the permeability curve were observed
for changes in the glucose upstream concentration over a Ioh-fold range
(see Table 1). The concentration of carbon-14 in the upstream chamber

was maintained constant for these changes In glucose concentration.

On a number of occasions samples of the upstream solution of glucose were
extracted from the permeability cell at the end of an experiment and chrom-
atographed on Whatman No. | paper using n=butano! saturated with water and

NHhHCO as the solvent. Although the fraction varied for different sam-

3

ples, In every case some of the carbon-14 label remained at the base line
of the chromatogram (an amount inexcess of the base line fraction for the
standard solution of glucose)e The remainder of the label coincided ap-

proximately with the peak observed for a dilute stock solution of carbon-14

*More noticeable differences began to appear after about 5 x IO5 seconds that
seemed to be roughly correlated with the upstream concentration, i.e. the
lower the upstream concentration the higher the apparent long-time permeability.

10.
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labelled glucose. The dilute stock solution of glucose was prepared
by a hundred fold dllution of the same glucose stock solution used in
the permeability experimentse This dilution was made the same day the
glucose stock solution was prepared from the solid glucose stocke The
dilute glucose stock solution was stored In a sterile bottle and a
lyophilized sample of this solution was used as a reference for each
paper chromatographlic analysis. The dilute solution was lyophllized
so that a ten microliter spot of the reference would contain about

the same amount of carbon-14 as the ten microliter samples extracted

from the upstream solutions of the permeability cell.

Whether these solutions were taken from the stainless steel or Al cells
did not appear to matter since samples from both cells had a fraction
of the label at the base line that exceeded the base line fraction of
the glucose reference solution. In most of the samples the base line
fraction was small. For the exceptional case plotted in figure 2%, how-
ever, the base line fraction exceeded the fraction appearing at the

glucose peak.

Since the chromatogram was analyzed by cutting 1 cm wide strips parallel
to the base line (and then counting these strips In a dioxane-toluene

Sy
scintillation solution), a point on the curve represents the cpm located

% The solution of curve B was filtered through a bacterial millipore
filter prior to the chromatographic analysis. The solution of curve C
was taken from the upstream chamber and chromatographed directly without
filteringe The cpm given in the legend of flgure 2 after the description
of each of the curves Is the total number of cpm above background for that
curve.



on the paper between the distance corresponding to the given point and
the distance of the previous point (the previous point is the adjacent
point having the shorter distance). For example, the fraction of the
carbon-14 located on the paper between the base line and 1 cm from the
base line corresponds to the point 1 cm from the base line in fig. 2.
This method of analysis is limited to a gross comparison of the curves.
For example, one cannot decide if the fractions of curves B and C lo-
cated between the base line and 2 cm occur at the same distance from the
base line or not, since the fraction between 1 cm and 2 cm for curve B
could be anywhere between 1 cm and 2 cm, inclduing the possibility of
the fraction being right at the 1 cm edge. The method is adequate, how-
ever, to indicate that a large fraction of the carbon-14 remained near
the base line for both curves B and C, and that the remainder of the

carbon=14 approximately coincided with the glucose peak of curve A.

The upstream sample of curves B and C was exposed to a membrane* for
about two months in the 100 cm2 cell. This is about twice as long as the
exposure of the other upstream samples chromatographed and it is possible
that this might explain the exceptionally large base line fractions shown
in curves B and C. This, of course, does not account for the occurrence

of a base line fraction in excess of that for the standard glucose solution.

*The membrane was changed from a teflon membrane to a silicone rubber
membrane after about one month. The chromatographic analysis after the
first month produced results similar to those observed for the other
samples chromatographed and described above, i.e. the base line fraction
was small and the bulk of the carbon-1k approximately coincided with the
glucose peak.

12.




€. Summary

The permeability results of glucose Indicated that the solute-membrane
interactlion is Iimportant in the glucose transport across silicone rubber
since the glucose-silicone rubber permeability curve is of a different
general shape, l.e. ""Initial rapid'" increase In the permeability that ap-
pears to decrease with time, than the typical permeability curve where

the transport is limited by the diffusion process exclusively. In addition,
some paper chromatographic studies of the upstream glucose solutions ind-

fcate that some change in the solutions had occurred while the solutions

were In contact with the membrane.

For the purposes of determining the feasibility of the separation of co,
from glucose by the use of a teflon or silicone rubber membrane, a funda-
mental understanding of the glucose transport through the membrane is
probably not so important as knowing the actual permeablility coefficient
of that transport. At least in the cases where the glucose is not ox-
idized to CO, by the glucose-membrane interaction*. These permeability

coefficients have been obtalned for the barriers silicone rubber, teflon

and porous glass, and are listed in tables 1 and 2.

* The techniques for measuring the glucose transported across the mem-

brane would not measure the amount of CO, produced in the membrane since
in handling the downstream solutions no precaution was taken to limit
the solution's exposure to the atmosphere and any carbon-14 labelled

CO0, would equilibrate with the CO, In the atmosphere. We have assumed
that any carbon-14 €O, produced In this way Is negligible.

13.



e, C027PERMEABILI Y

a———

A. Experimental

The apparatus used for the co2 experiments is pictured in fig. 3. It
is made of stainless steel and is similar to the stainless steel cell
used in the glucose measurements except that the membrane area for the
co2 cell is lO-lcrn2 whereas the glucose cell's membrane area is lOOch.
A small cup can be attached to the underside of the cap for the cell
and is used to hold a small volume of acid (IM HNOB)' The CO, charge

of about 10mg of carbon-14 BaCO, is held above the cup by a magnet

b)
taped to the outside of the permeability cell. The experiment starts

when the magnet is removed allowing the BaC0,, sandwiched between two

3
pieces of filter paper, and its support (a polyethylene coated iron
washer) to drop into the acid. The cup is separated from the upstream
solution except for eight gas vents located near the top of the cup.
Since the concentration of Co2 in the upstream solution is dependent
on the pH of the solution (particularly alkaline pH's) and on the

pressure of C0,, in the chamber it is an advantage to have the CO

2 2
source independent of the upstream solution. With an independent C02
source one can control the amount of 002 that dissolves in the upstream
solution for any given pH of the upstream solution. Having the CO
source inside the chamber makes the permeability cell a self=-contained
unit that is convenient to use, e.g. during the experiment the cell is

rotated at approximately 100rpm on a rotator but can be easily removed

from the rotator for brief periods (less than 100 seconds) to sample

14,



the downstream solution.

For the 002 permeability coefficients reported here, the upstream solu-
tion (10ml) was buffered with IO-QM “5P°h at a pH = 2.2. The downstream
solution (25m1) was buffered with IO-QM NaHPO, at a pH = 9.0. The high-
er pH in the downstream solution minimized the loss of 602 from the solu-
tion during the sampling period. After the downstream solution was re-

moved for sampling it was replaced by a fresh solution.

A glass vial was used for the downstream chamber of the IO_lcm2 cell.

This design allows the cell to be placed over a photomultiplier tube and
with the use of a solid state scintillator, e.g. the Tracerlab scintil-
lation beadgl) acqueous solutions can be counted directly. For the ex-
periments described here, however, the downstream solution was removed
periodically and the carbon-14 content was determined by the use of
a nonaqueous liquid scintillation counting technique. This technique

has been described in a previous repor{!)

The concentration of C02 in the upstream chamber can be found from the
published solubility coefficient of 602 in dilute acid solutions by

assuming Henry's law and the ldeal Gas law.

Let X = M moles of C02 produced from BaCO3
Y = M moles of CO2 dissolved in the buffered solution
. . m moles
S = solubility of CO2 in the buffered solution, ol atm

W = volume of buffer solution, ml,

V.= free volume in the upstream chamber, ml.
2

p X=Y)RT

co, V2

15.



Then: Y=sP _V = SV, (X-Y)RT

! Vo
o SV RT
Rearranging: Y =X V21+ SVIRT
The above expression for Y can be used to obtain the upstream 602 concen~
tration. The co, solubility in distilled wate‘a)approximates the CO2 sol~
ubility in a dilute acid solutiosj)and is .0344M/atm for dilute solutions
of €0, at 25%.

The sources of error in the measurement of the CO2 permeability coef=~

ficients are:

1) The error in the number of m moles of CO2 in the upstream chamber
Y, is estimated to be less than 10%. This includes the weighing
error of BaCOB. the error in the free volume of the upstream chamber
and the error in the C02 solubility.

2) The error in the membrane thickness is less than 5% for silicone
rubber and less than 20% for the thinner teflon membrane.

3) The error in the temperature of the system is less than 1%.

L) The error in the membrane area is less than 1%.

5) The error in the counting efficiency of the transported CO2 is

estimated to be less than 35% for a 30% overall counting efficiency

(i.e., the % counting efficiency could range from 20% to 40%).

A similar technique was used for counting C02 as was used for counting
glucose where the glucose was oxidized and simultaneously trapped in a
hyamine-toluene solution. From the glucose controls for the technique
the % counting efficiency was found to be dependent on the shaking time.
The % counting efficiency increased from about 21% at a shaking time of

16.




60 minutes to 30% at a shaking time of 100 minutes. After a 100 min=-
utes the increase was less than an additional 10%. The % counting
efficiency for CO2 should have the same dependence since the Co2 tech-
nique was the same as that for glucose so that the % counting efficiency
for €0, at one hour is probably between 20% and 30%. We have assumed
30% as the % counting efficiency for €0, since 30% is the average %
counting efficiency for shaking times greater than one hour and because
30% will give a more conservative estimate of the co, permeability co-
efficient and the COa-glucose separation factor than 20%.

The estimated maximum error is about 50% (about 70% for teflon) for the

002 permeability coefficlients.
B. Results

The permeability data for C02 through teflon and silicone rubber are
plotted in fig. 4. The steady-state permeability coefficients can be
calculated from the slopes of the respective permeability curves. The
estimated maximum error in the coefficients is about ¥ 504. The perme-
ability coefficients are listed in Table 3. Other relevant diffusion and
permeability coefficients for 002 that are available from the literature

have also been included in Table 3.

The permeability coefficients reported for 602 through teflon and silicone
rubber for gas-membrane-gas systems (Table 3) are somewhat higher than
those reported here for the water-membrane-water systems. The sorption
of HQQ within the membrane in quantities sufficient to decrease the free
space about the polymer strands in the membrane but markedly less than

the amount needed to swell the membrane may account for the decrease in

17.



the permeabllity coefficients observed for the water-membrane-water

systems.

If the decrease in the coefficients is due to the water sorption by the
membrane, then experiments carrlied out at higher temperatures would be
expected to show betéer agreement between the co, permeability in the

two systems, l.e. In the water-membrane-water system and in the gas-
membrane-gas system. The sorption of the H,0 by the membrane is expect-
ed to occur to a lesser extent at the higher temperature and thereby would

occupy ''‘permanently' less of the free space in the membrane.

One experimental factor that is of concern is the alkaline pH of the down-
stream solution. |t is conceivable that the co, diffusion at or near the
downstream surface of the membrane may be diminished if the co, molecules
react with the hydroxyl ions diffusing into this region from the downstream
chamber. The resulting bicarbonate or carbonate ions are expected to have
a smaller permeability coefficient than C02 and their formation would tend
to decrease the observed permeability of C02.

Since these CO2 experiments were run, a calculation of the concentration
distribution of CO2 In the vial after the vial had been left open to the
atmosphere for 100 seconds has been made. For an exposed surface of

2.5 cn and a vial of 6 cm depth, less than 1% of the CO, had diffused

out during the 102 seconds. This calculatior assumed that the major species
was CO, not HCOB- or co;-‘?

was uniform initlally (in the present experiments the loss of CO, Is even

and that the concentration distribution of CO2

smaller since CO, Is a minor species in a solution of pH 9). An experiment

'8.




could therefore be conducted with both solutions at the same acidic pH

( or neutral pH), thereby eliminating the troublesome experimental factor

of the alkaline downstream solution.

C. Summary

The permeability coefficients of CO2 through silicone rubber and teflon
appear to decrease in a water-membrane-water system compared to the gas-
membrane-gas system. This decrease is parallel for the two membranes in
that the ratio of the co, permeabllity coefficients for silicone rubber
to teflon is about 102 for either a water-membrane-water system or a gas-
membrane-gas systems The difference in the C02 permeability coefficlient
for a given membrane between the two systems, however, is greater than
the maximum estimated error in the water-membrane-water results reported
here and is now thought to be due to the decrease in free volume of the
membrane occuplied by a small quantity of water that is sorbed by the mem-
brane. The differences in the permeability coefficients between the
systems are expected to diminish with an increase in temperature if the

sorption of water by the membrane is important.

In general our apparatus Is quite serviceable for measuring the permeabil-
ity coefficients of certain gases in a liquid-membrane-1iquid system, e.g.
COp HySs SO and SO, The gases Ny, NO, N0, and 0, could also be studied
with the apparatus using methods other than radioisotope counting. One
disadvantage, at least for the 602 measurements, Iis that the equilibration
time of the gas dissolution in the upstream solution appears to be too long

and therefore prevents the measurement of the brief time lag of the

19.



experiment and hence the calculation of the diffusion coefficient and of
the solubility coefficient for the COa-membrane system. Use of thicker
membranes for co2 would be of some help, although the thickness is limited

to some extent by the IO"l cm2 area.

The water-membrane-water results for C02 given in Table 3 have been used
in the final section for the estimates of the separation between CO2 and

glucose that can be expected for the two membranes, teflon and silicone

rubber.

20.




IVe DETECTABILITY ESTIMATES

A. Introduction

Using the integral permeability coefficients for glucose through silicone
rubber and teflon from tables | and 2 and the corresponding steady~-state
coefflicients for 002 from table 3, one can estimate the separation factors
for the two membranes. The separation factor as used here may be defined
as the ratio of the concentrations of glucose to co, in the upstream
chamber required at steady-state for an equal number of glucose and co,
molecules to permeate through a given membrane per unit time. For sil-
icone rubber the minimum separation factor Is about 5 X IOS for the per-
fod extending from about 6 to 30 hours after the start of the experiment
(no permeability measurements have been obtalned for glucose through
silicone rubber for the period t = O to t = 6 hours). Using the best
straight line value for the permeability coefficient of glucose the sep-

aration factor for teflon is about 5 X 106 (the separation factor using

the permeability coefficient for glucose at 7.7 X th seconds is 107).

In the detectability estimate made in the previous report(l) the estimated
separation factor was about 2 X 109 and the questions asked were: For an
experiment expected to run for 20 hours, what membrane thickness will be
required to restrict the radioactivity from glucose diffusing into the
detection chamber to 100 dp£5 For this thickness how long will it take
for «9 of the C02 produced in the upstream chamber to diffuse into the

detection chamber? The detectable number of microorganisms would be the

¥Unit of theoretical radioactivity: dpm = disintegrations per minute.

21.



number required for .9 of the 002 produced to exceed the 100 dpm limit
within the 20 hour period. These questions are no longer appropriate for
the actual separation factors since for a thickness determined by the
glucose permeability, the time needed for .9 of the CO2 produced in the
upstream chamber to diffuse Into the detection chamber exceeds the time

of the experiment.

The simplest modification to the series of questions would be to ask for
the time needed for some smaller fraction than .9 to diffuse into the det-
ection chamber. In the case of a silicone rubber barrier no useful result
Is obtained since the membrane thickness necessary to restrict the glucose
level in the downstream chamber to 100 dpm is found to be about 15 cm for
a 20 hour experiment. For a teflon barrier, however, the membrane thick-
ness Is about 1.5 X 10-2 cm and the corresponding time for steady-state
602 permeation Is about IO3 seconds. These results are comparable to
those predicted from the published CO2 data and our dye permeability meas-
urements(') (except that the time for steady-state is about 40O times great-
er than predicted since the predicted results used the C02-silicone rubber
gas permeability data). Using the actual teflon data, for an experiment
lTasting about 20 hours one might expect to detect as few as 20 - 30 micro-
organisms. This compares favorably with the 10 microorganisms ( nonmulti-

(1)

plying) predicted in our previous report for a 20 hour experiment. The
calculations used here are similar to those given in the previous report
except that instead of the .9 of the CO, produced in the upstream chamber

diffusing into the downstream chamber, only .4 of the CO, produced has

2

diffused into the downstream chamber.
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The more appropriate series of questions for the experimental separation
factors that allows us to make some quantitative statements about both
the silicone rubber and teflon systems is: For a given membrane thick-
ness x and number of microorganisms n, how long must one wait for the
ratio of Co2 to glucose in the detection chamber to reach some selected
value, e.g. 6 or 60, with the restriction that the total radioactivity in
the detection chamber exceeds a minimum noise level such as 100 dpm?
Considering this time does the membrane thickness x satisfy the condition
that the time for steady-state Co2 permeation is equal to or less than

1% of the time required for the given ratio of €O, to glucose to have

2
diffused into the detection chamber? In the case that x does not satisfy
this condition a smaller value of x can be tried. As will be seen later
in this section, the device is most efficient when t and x just satisfy

this condition, i.e., t equals 100T (T equals time for steady-state).

By imposing this condition we can treat the CO2 transport as a steady-
state transport and avoid solving the more exact and more difficult non-
steady-state problem. The choice of 14 for the steady-state condition is
somewhat arbitrary and one might choose a less restrictive percentage
and obtain a more approximate representation of the CO2 transport, e.g.
10%. An estimate of the error in the approximate solution of the pro-
blem can be obtained by holding the upstream concentration constant after
some time t and allowing the 602 transport to continue until it reaches
steady-state permeation. The difference in the number of molecules of
CO2 permeating under steady-state conditions and the actual number of

molecules of CO2 permeating for the interval is an estimate of the error
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in the approximate solution of the CO2 transport problem. The maximum
error is to overestimate the amount of CO2 transported by nmT (for any
system, the maximum permeability rate is equal to the rate of CO2 produc-
tion, i.e. nm, and T is the time for steady-state). For the 20 hour

9

experiment where n = 25 microorganisms, m = 2.4 X 107 molecules/cell

hour(h) and Tog, = 2 hours or Tl% = .2 hours, the maximum errors for the
two cases are EIO% = 1.2 X 10! molecules and El% = 1.2 X 1010 molecules.
Comparing Ejq and EIO% with the minimum number of CO2 molecules that are
detectable, i.e. 4.2 X 101! molecules equals 100 dpm, an overestimation
of Eig in the problem is negligible whereas EIO% is within a factor of
four of the detectability threshold and is not a negligible overestima-
tion. Hence our 1% steady-state condition would provide a reasonably

accurate representation of the CO, transport whereas the 10% condition

2
might not.

B. Constant Populations of Microorganisms

in order to derive a general expression for the ratio of 602 to glucose
in the detection chamber at time t for a system where the concentration
of CO2 in the upstream chamber is a function of time, one can first de-
rive an expression for the concentration of £o, in the upstream chamber
for the case where no diffusion takes place and then for the case where
diffusion out of the chamber occurs. The difference between these two
concentrations times the upstream chamber volume V is the amount that
has diffused out of the chamber during time t.

For n microorganisms producing CO, at a rate m in a chamber of volume V,

2

the concentration of CO2 In the chamber after tseconds, C¥(t), assuming

2L,




no co2 diffuses out of the chamber and that n is constant over the time t

Is:

(6) c* (t) = —omt

y

I1f the chamber has for one surface a membrane of area A and thickness x
with a permeability coefficient for C02, K, the change in the number of

molecules of 602 in the chamber during the infinitesimal time Interval,

dt, is:
(7) vdc = nmde “KEE g
dC KA nm
(8) it Y wt =V
A
Multiplying by the integrating factor, e vx ’
AK AK
—_—t — t
(9) é (ce Vx ) = __"l e Vx
dt v
Multiplying by dt and integrating both sides,
A X
Vx o Vx Vx
(10) Ce = 7 A °© + constant

From the initlal conditions: t = O, C = O one can evaluate the constant.

mnx
0 = AK + constant
with substitution for the constant and rearrangement, (10) becomes:
AK o
(1) C(t) =X () - VX

AK
Equation (11) gives the concentration of C02,C(t), In the upstream chamber

at time t. As t increases the exponential term in (11) decreases and C(t)

approaches mﬁ% asymptotically. The physical interpretation of this upper

1imit to C(t) is that the rate of diffusion of €0, out of the chamber

equals the rate of production of CO, in the chamber for c(t) equal to mﬁ%
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Assuming that the amount of CO2 dissolved in the membrane and adsorbed
to the Inner surface of the two chambers Is negligible, the number of
molecules of C02 that has diffused into the detection chamber at time t
is the difference between the number of molecules produced in time t
(equation (6) ) and the number of molecules remaining In the upstream

chamber at time t (equation (11) ).

An upper limlt on the number of glucose molecules that have diffused into
the detection chamber, q', during time t can be found from the integral
permeability coefficient, K'« Using the steady-state permeability q'

as given by Fick's first law:

it
(12) Q' AtK'C
x
where the primed quantities refer to glucose,

*
C' = the upstream concentration of glucose and is practically
constant for t<l| seconds.

K! = integral permeability coefficient for glucose
The ratio of CO2 to glucose molecules that have diffused into the detect-

fon chamber, r(t,x,n), can be obtained from equation (6), (11), and (12).

('3) r(t:x:n) v 6:*(t) } C(t) )
q°
=-AK
e -—t
. Xxmnt - zzx (1 -e xV )
AtK!'C!

The derivation of the expression r(t,x,n) for the ratio of CO_ to glucose

2
in the detection chamber assumes that : 1) The downstream concentration

#As In the previous repor(l) C' was assumed to be lo'3 molar with all the
carbon atoms in glucose assumed to be carbon-1k.

26.




Is negligible with respect to the upstream concentration for all t > 0.
2) The upstream concentratlon is uniform for the entire experiment.

3) The amount of CO_, and glucose dissolved In the membrane and adsorbed

2
on the inner surfaces of the two chambers is negligible with respect to

the quantities diffusing into the downstream chamber.

As t Increases r(t,x,n) approaches an asymptote; if the upper limit of

r is called Foax then (13) can be written as:

(1%) r = ‘rmaxk--v—xzt (1-e)
where
(]5) T max - ET(“,".‘.C.

From equation (15) one notes that the maximum value of r for a given
physical system is proportional to the number of microorganisms present, n.
I f one chooses a value of t, then X can be found from the condition that
the time for steady-state 602 permeation be short compared with & e.g. 1%
of t« The time for steady-state, T, can be estimated from (|6)(l).

2

~ X
(16) T--E—I.(

By substituting the values of t and x into (14), one can find the relation-
ship between r and rpax . Then by choosing a value of r, n can be found
from (15). This n represents the number of microorganisms required to

achieve the desired ratio, r(t,x,n), of CO2 molecules to glucose molecules

in the downstream chamber at a given time t fora given membrane thickness X.
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The cholce of :v Isregulated by two criteria: 1) r must be compat-
ible with the limitations of the detector measuring the amount of radio-
activity present. The relatlonship between r and the total disintegration
rate In the downstream chamber (referrel to as the total number of dpm)

Is given by (17).

(rn total number of dpm = H q'( r + 6)

where q' = the number of glucose molecules in the downstream
chamber at time t.

= K'C'At
X

H = the conversion factor for atoms to dpm assuming
all the carbon in glucose is carbon-ik.

= 2.4 x 10719 dpm/carbon atom

The 6 in (17) accounts for the 6 carbon atoms per glucose molecule and
requires that F ®6 for the Co, signal to be just equal to the glucose
signale 2) |In addition, the choice of I must take into account the
reproducibility of the permeability coefficient for various samples of

a given kind of membrane. Choosing T = 60 readily satisfies these

two criteria, i.e. that the total number of dpm in the detection chamber
exceeds the 100 dpm noise level of the detector and r is large compared
to the reproducibility of the maximum glucose permeability coefficient.
The value ¥ = 60 has been used in the subsequent detectability cal-

culations.

In figures 5 and 6 log n is plotted versus logt for different values of

X. An upper bound is placed on x so that 100T is not greater than 106
28.




seconds. For the curves extending over the entire time range, t equal

to 100 T is less than IO5 seconds. For the other curves the smallest

value of t plotted is equal to 100 T. A and V used in the calculations
2 3

were taken as 1 cm™ and 1 cm”. The value of m used was obtained from

Clifton's data for CO, production from glucose by Escherichia Coli.(h)

2

In figures 5 and 6 the number of bacteria, n, required for r = 60 de-
creases with increasing time t and with increasing membrane thickness x.
For a given x, the decrease in n with an increase in t is due to the Coo
permeability rate approaching the maximum C02 permeability rate, i.e. the

rate of production of CO, in the upstream chamber. For a given t, the

2
decrease in n with an increase in x is more complicated. First, the max-

imum CO, permeability rate is independent of x and given enough time

2
the C02 permeability rate will equal the rate of production of CO2 regard-
less of the value of x. The CO2 permeability rate at some time less than
the time needed for the maximum CO2 rate will, however, be decreased by

an increase in x. The relation between this C02 rate and x is nearly
inversely proportional at times much less than the time required for the
max imum C02 rate. The CO2 rate becomes more independent of x as the

time increases. Since the glucose rate is inversely proportional to x
(equation 17), the overall dependence of r(t,x,n) on x varies from near-
ly independent of x at times much less than the time required for the

max imum C02 rate to proportional to x at the time required for the max-
imum CO,, rate (equation 14). From equations (14) and (15) n is propor-
tional to r for all t so for r(t,x,n) set equal to a constant, n is

nearly independent of x at times much less than the time required for

rate and becomes inversely proportional to x at the

29.
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time required for the maximum Co, rate. These extremes of the relation
between n and x for a given t can be seen in fig. 6. For example, the
value of n decreases only slightly when the thickness is changed by a
factor of 2 from 5 X lOm3 to 10-2 at t =5 X th, but n decreases by
about a factor of 2 at t = 106 for the same thickness change. The im-
portance of these relations between n and x and between n and t to Mul-
tivator is that the choice of the membrane thickness should not be arbi-
trary, but should be selected from considerations of the expected time
available for the experiment and the steady~state condition. Clearly
in fig. 6 if the time available for the experiment is, e.g., IO6 sec=
onds a device using a 10-2 cm membrane would be able to detect a factor

5

of ten fewer microorganisms than the device using a 10" cm membrane.

{f the time available for the experiment is, however, limited to, e.g.,

3

-2 . \ .
seconds then use of a 10 = cm membrane would provide no increase in

3

10

the detectability over a 1077 cm membrane even if the C02 steady~-state

conditions were satisfied; since it is not satisfied for the 10-2 cm

membrane the detectability would be less than that of the IO-3

cm membrane.
It can be seen from fig. 6 that the most efficient use of the separation
device is when t and x just satisfy the steady-state condition, i.e. t

equals 100 T.

The value of n can be found from figures 5 and 6 for different values of
r since n is proportional to r, e.g. the values of n for r = 6 are

equal to one tenth the values plotted in figures 5 and 6 for r = 60.

For r = 60 the total dpm in the detection chamber exceeds 100 dpm for
all of the curves in figures 5 and 6; not all the curves for r = 6,
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however, satisfy this condltlonf As an example of the applicability
of figures 5 and 6 to systems having r values not equal to 60, consider
the detectability estimate for teflon made earlier in this section where
n equalled 20 - 30. From fige 6 forr = 6, x = 10 2cmand t =
T2 X th seconds, N equals 38 which is quite good agreement considering

that in the previous calculation x = 1.5 X IOracm and t was less than

100T.

One notes from equations (14) and (15) that for a given membrane system

where one of the two solutes in the system is belng produced at a constant

rate any value of r can be achleved by the proper choice of x and t.
let r = B = constant

then (14) can be written as:

-
(18) B = axL--b—x (I-ebx)]

t

where a and b are constants.

Rearranging:
2 =t
(19) ax-B-b%(l-ebx)
5 _ b B
bx - x
(20) 1 " " t (1 e )

Choosing x so that, ag.;;% = 1/2

then:
=t
. =t
(ar) _2__:_’_(_ | - e X
: >
t X
(22) 1 * Sbx e

*The relationship between the total dpm in the detection chamber and
r is given by equation (17). .



which is satisfied by choosing t so that:

(23) b’f? £1.55

In practice, not all values of t and x are available so that not all values
of r can be, realized, however, in principle any r may be achieved for two
such solutes. |In the glucose-C02 case one notes from figures 5 and 6 that

for silicone rubber and teflon the values of x and t are reasonable.

Comparing the values of n for the two membranes, silicone rubber and teflion,
in figures 5 and 6, the teflon system has the lower n values. The detect-
ability of the silicone rubber system ranges between a few ten thousand to
a few hundred thousand bacteria, whereas the teflon system ranges between
a few hundred to a few thousand bacteria. The teflon system is also not
likely to violate the assumption made in the derivation of r(t,x,n) that
the CO2 upstream concentration be uniform for t>>0. The diffusion coef-
ficient of 602 in the aqueous phase is approximately 100 times the perme-
ability coefficient of CO2 in teflon whereas it is approximately equal to
the permeability coefficient of CO2 in silicone rubber (Table 3). This
difference of the diffusion rates even in the teflon system may be insuf-
ficirnt to meet the uniform upstream concentration condition in the exper-
iments lasting only 10 seconds or so for a 1 cm scale devicef A more

appropriately designed device may be needed, i.e., a device having shal-

lower chambers.

In the actual life detection experiment one will have only information on
the total cpm in the detection chamber at a given time, in addition to

prior knowledge of the experimental system, e.g. membrane and device

* . -
That is, for the short experiments the steady-state condition requires that

the membrane be very thin. |If the membrane is thin enough more CO, will per=
meate the membrane than diffuses to the membrane and the concentragion at the
membrane will decrease until the two rates are equal.
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dimensions, etc. From this information alone one will not be able to
determine m and n separately but only the product mn. This product can
be related to the total cpm by using (14), (15) and (17), and converting
the total number of dpm to the total number of cpm¥ W, by multiplying (17)

by the counting efficiency for the system E, i.e.,

AK'e! L j v 6AK'C'1
(2%) (mn) = LEHq' EHt x
[1- = (1 L3 ] [1 -¥X (1 e ﬂ

For t large, (24) can be simplified to the approximation (r>>6):

(25) (mn) vy —

M
EHt
or
(26) W ~r EH(mn)t
From (26) one notes that the slope of W versus t, %%,is equal to EH(mn)
and since H as a known constant, and E can be determined prior to the

experiment, one can obtain (mn) from the slope 5~ as t becomes large.

dt

Rearranging (24) to give an expression for W:

YV et

(27) W = (mn) EH Lt-—KK "

Expanding the exponential term in (27),

(28) W = (mwn) EH Lt-% (;,"-Q-t- -1/2 (";—Q-t-)? v 3 (ﬁw _)
» OBKC e

For small t, W is given approximately by:

KA 2 6 AK'C'
(29) W~ (mn) EH 2Ux t] + — EHt

The slope of W versus t, g%, is approximately:

*dpm = disintegrations per minute
cpm = counts per minute
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™ EHKA 6 AK'C'
0) g o~ () N0 x ‘

so that (mn) can be found at small t using (30) from the slope of %%
N
versus t* For t equal to 10 seconds the error in the approximation (29)

for a O x 1072 cm thick teflon membrane is less than T7%.

To summarize the section on constant populations we first found that the
concentration of CO2 in the upstream chamber approached an asymptote for
large t (12). Therefore, the ratio of €O, to glucose molecules in the
detection chamber, r(t,x,n), also approaches an asymptote at large t (14).
This asymptote is proportional to the number of microorganisms, n, the
rate of 602 production, m, and the membrane thickness X.

The detectable number of a given microorganism, e.g.,E. Coli, decreases
with increasing time t and with increasing membrane thickness x. For
short times n is approximately independent of x, however, at long times

n becomes inversely proportional to x (fig. 6). These relationships are
important for maximizing the efficiency of Multivator in its role of life
detection. in principle, at least, the possibility exists for achieving
any desired ratio of one solute to another solute in the detection chamber
by proper choices of t and x if one of the solutes is being produced at @
constant rate., In the C02-glucose case, we have adjusted the C02 rate by vary=-
ing n so that x and t are reasonable. The corresponding detectability
ranges between a few ten thousand to a few hundred thousand E. Coli for
silicone rubber and between a few hundred to a few thousand E. Coli for
teflon. Detectability estimates for other microorganisms can be found

wées_g__EH_t_)

¥ATternatively since C' is known, the slope of the plot ( X

vs. t° (rearrangement of (29)) can be used to determine mn.
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m'n’ .
from figures5 and6 by replacing n by = — where n' is the number of

microorganisms (m' is the known C02 production rate for the microorgan=-
ism on glucose) and n is the number of E. Coli (m is clifton's(h) rate
for CO2 production for E. Coli). For an unknown microorganism only the
product of the CO2 production rate m and the number of microorganisms n
can be obtained from the Multivator experiment. This product can be found

using relations (26) and (30) for long and short experimental times re-

spectively.

C. .Multiplying populations of microorganisms.

The discussion of the detectability estimates presented thus far has
been limited to constant populations of microorganisms. There is good
reason for this restriction if one is interested in investigating the
intrinsic limitations of a given separation device. In the case of
multiplying populations the detectability estimates depend strongly on
the generation time of the microorganism. A short generation time ex-
erts a levelling effect that tends to conceal the intrinsic limitations
of a given membrane separation device, i.e., for a short generation time

the device is capable of detecting a single microorganism.

It is important, however, to determine what information one can learn
abouta multiplying population using a membrane separation device and to
illuminate the dependence of the detectability on the generation time.
The general approach used in the section on constant populations for the
derivation of r(t,x,n) will be used here except that n is now a function
of t, i.e.,
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(31) n = net/9
o
where g = generation time In seconds

<693

n, = the population at t = O
The change in the number of molecules of CO2 in a chamber of volume V dur-
ing the Infinitesimal time interval, dt, is:
(32) VdC* = mnoet/gdt

I ntegrating both sides:
(33) vex(t) = mnoget/g + constant

Evaluating the constant from the initial conditions:

t = 0 C = O

(34) Ht) = ™Mod (e/9-1)

v
The change in the number of molecules of CO2 in a chamber of volume V hav-
ing one surface a membrane of area A and of thickness x with a CO2 permea-

bility coefficient, K, during the infinitesimal time interval, dt, is:

(35) VdC = mnoet/gdt - KAC 4

Ak "
Multiplying by e vx and rearranging:

AKg t  AKt
(26) d(c Y ) = ™o e (‘5 U ) dt
na
integrating: !




AL e(_t,us_;)
(31) c(t)e V* o Mg WX 9" V4 ., constant
v Vx + gAK

Evaluating the constant from the initial conditions
Akt

t = O, C = 0O, and dividing by e vx,

.

r -A
(8) o) = mEm ) (»9 S e W t)

An expression for the ratio of CO2 to glucose in the detection chamber at

time t for an initial population s ?1t,x,n°), can be found from

equations (12), (3%), and (38).

(3  Y(txn) - E:ﬂgi._ci_gﬂv_

=AKt

mn_gx V —_

xmn_ gle /g-l) - Y (e /9. VX
AKICHt

In figure 7, the log of the initial population n, that is detectable in
an experiment continuing for time t is plotted versus log t for a lo-gcm

3

thick silicone rubber membrane and for a 10 “cm thick teflon membrane.

The constants used in the detectability calculations for a constant pop-
ulation were used in the calculations for a multiplying population. The
value of g used was lO)4 seconds. From figure 7, one can see that when t
is greater than g both the silicone rubber system and the teflon system
rapidly approach ng = 1. In the case of a multiplying population the

detectability, no, becomes strongly dependent on t for t greater than g

whereas in the constant population case, the detectability, n, is indepen-

dent of t at large t.
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The total number of dpm in the detection chamber can be found from (17) ' -

“
where r(t,x,no) is substituted for r(t,x,n).

(40) total number of dpm = Hgq' L‘ly(t,x,no) + 6]

The total number of cpm, ?4', can be obtained from (40) by
multiplying (40) by the counting efficiency of the system E, i.e.,

(%) 7 = EHq' [?"(t,x,no) + 63

Substituting (12) and (39) into (&1}

-AKt
(42) V- EH[mn g (e¥/9.) - (mnjgxV) ( t/g Vx| ﬂK'C't]
° Vx + gAK) x
For t large, an approxmiate expression for Vs (7-'>>6): q

(k%) Y o ey| mn g° AK t/ |
= g
(Vx + gAK) © ]

Taking the logarithms of (43):
EHmn_ g2 AK)

N
(k) InW e t/g + | ey

~
The plot of InW versus t at large t is therefore linear with a slope of

(EHmno 92 AK)
(Vx + gAK)

in the intercept are known except m, o and g, and g can be found from

I1/gand a t = O intercept of In « Since all of the constants

the slope, the product mn, can be calculated for an unknown population of
microorganisms from the experimental data for t large. In the case where ‘
t is small, (42) is not readily simplified to an approximation in terms

of m, n, and g, however, in this case noas " and the approx imation (29)
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should be valid.

To summarize the results of the multiplying population section, the
upstream concentration of CO2 does not approach an asymptote for large

t as in the case of a constant population. Therefore, F also does not
approach an asymptote for large t and the detectable number of micro-
organisms decreases with increasing time. The decrease is particularly
sharp for t greater than g (fig. 7) and is approximately exponential for
large t (43). As stated above, both the product mng and g can be deter-
mined from the t large experimental data using (&4). For t small the
product mn can be determined from the approximation found in the constant

population section (29).
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TABLE 11

APPARENT INTEGRAL PERMEABILITY COEFFICIENT, K, AT 25 + 2°C FOR ¢ ), GLUCOSE
THROUGH 0.5 MIL. TEFLON (FEP) AND 4.0 mm POROUS GLASS (CORNING NO. 7930,
9% Si0,, B05s PORE DIAMETER = 40A)

TEFLON POROUS GLASS
UPSTREAM CONC. = 7.8 X 10°M UPSTREAM CONC. = 1.4 X 10°M
TIME X 135 « x 18t TIME X 107 K x 107
«TT sec T cm2/sec 1.0 sec 8.1 cm2/sec
1.58 2.5 1.5 1.
Y27 1.6 2.0 9.7
4.95 2.0 2.% 8.9
5.95 2.3 2.6 8.1
best 2.1 3.0 T3
sl s 2
4,0 6.1
4.5 5.6
11.8 2.7

23.6 2,0 .



TABLE 111

*
DIFFUSION AND PERMEABILITY COEFFICIENTS FOR CO2 THROUGH VARIOUS MEDIA

MEDIUM

Silicone Rubber

Teflon

Silicone Rubber5

Teflon >

Air

Water

CONDITIONS

H 0-Membra3e-H20
system; 25 C; -3
upstream 002 conc. s 2X10 ¢

Gas-Membrane-Gas

system; room temp;
pressure difference
across the membrane = 60
cm Hg (3.5 X 10 M)

17.6°¢C;

pressure ~ | atm.

18%

COEFFICIENT, cm>/sec

9 X 10'6

9 X 10'8

3 x 1077

b x 1077

*

1.53 X 107!

3*
1.46 x 1072




Figure 1.

Photograph of the lOcmeand 100cm® cells used for the
Glucose Permeability Measurements

Figure2
50 Fraction of total Carbon-14 vs. distance from the base line
A - glucose reference sol.
1640cpm
Py B - filtered upstream sol.
c ' “ 4010 cpm
U0 ' ' C - unfiltered upstream sol.
! ! 3130 cpm
Fractlon of ! WA
total Carbon- " { '
" ol %, [ '
5 8 . ' %
B ! '
o ! '
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Figure 3. Cell used for 002 Permeability Measurements
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Flgure 5

'07 Log of estimated number of bacterfa vs. log time for various membrane
thicknesses of silicone rubber and r = 60
4 X = 1072
10

log n
\ X = 5X10°>

X = 1072

\ X = 5x10'2

|<£ T~— X = 10

log time
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Figure 6

Log of estimated number of bacteria vs. log time for various membrane
th{cknesses of Teflon and r = 60

X = 1077, 100T= 5x10°

X = 5X107, 100T= 1X10*

% 4

x=10 100 T=5X10

10

log time



Figure 7

-

log ngvs. log t

for lO“5 cm Teflon and l0-2 cm Silicone~
rubber membranes

¥ = 60 oo
g = 10 seconds

0 Ly —r

10
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